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We consider the implications of a shared production mechanism between the baryon asymmetry of
the universe and the relic abundance of dark matter, that does not result in matching asymmetries.
We present a simple model within a two sector leptogenesis framework, in which right handed sterile
neutrinos decay out of equilibrium to both the Standard Model and the dark sector, generating an
asymmetry in one and populating the other. This realization naturally accommodates light dark
matter in the keV mass scale and above. Interactions in the dark sector may or may not cause the
sector to thermalize, leading to interesting phenomenological implications, including hot, warm or
cold thermal relic dark matter, while evading cosmological constraints. Under minimal assumptions
the model provides a novel non-thermal production mechanism for sterile neutrino dark matter and
predicts indirect detection signatures which may address the unexplained 3.5 keV line observed in
various galaxy clusters.
I. INTRODUCTION
The existence of Dark Matter (DM), the baryon asym-
metry of the universe and neutrino masses are major
observational evidence for physics beyond the Standard
Model (SM). Attempts at explaining these observations
over the past decade, both separately and simultane-
ously, have given rise to various DM models, with DM
typically residing at or above the GeV mass scale. One
such class of models which relates the baryon asymmetry
with dark matter is known as Asymmetric Dark Mat-
ter (ADM) [1–22]. Motivated by the observation that
ΩDM ' 5 ΩB , these models generically provide a single
production mechanism that generates comparable num-
ber densities of baryons and DM in the early universe,
leading to the prediction mDM ∼ 5 mproton. More gen-
erally a broader range of masses can be achieved within
the ADM framework [1, 23–25].
A crucial ingredient of ADM is that the symmetric
dark matter component can be efficiently annihilated
away, rendering the overall density asymmetric. Then
a natural question to ask is: what are the predictions
for dark matter in the case where its annihilation cross-
section is not large enough to remove the symmetric com-
ponent? Such a scenario corresponds to a significant frac-
tion of the models’ parameter space and predicts sym-
metric and asymmetric densities in the dark and visible
sectors, respectively. An interesting framework that al-
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lows one to address the above question is leptogenesis
[26], (for a review see, e.g. [27]). In leptogenesis, a lep-
ton asymmetry is first generated in the early universe by
out of equilibrium, CP-violating decays of right-handed
neutrinos. The asymmetry is then converted to a baryon
asymmetry using B+L-violating interactions, active be-
fore the EWSB phase transition. A realization that con-
nects ADM with this framework is the two-sector lep-
togenesis framework [24], in which the sterile neutrinos
couple (in addition to SM leptons in the visible sector) to
a dark sector, thereby generating an asymmetry in both
the visible and dark sectors simultaneously.
In this work, we take a first step in answering the above
question by studying the two sector leptogenesis scenario
without matching asymmetries between the two sectors
(for other possible scenarios, see [18, 28–30]). Since the
production of an asymmetry requires CP violation and
is therefore loop suppressed, relaxing the asymmetric re-
quirement in the dark sector generically results in a tree
level enhancement in production, leading to nDM  nB
and therefore mDM  mproton. Thus, this scenario pre-
dicts light dark matter. Theories of light dark matter,
in the keV to GeV mass range, have received significant
attention in recent years [22, 31–80].
Allowing for interactions in the dark sector leads to
several interesting implications, including a thermal hid-
den sector. Moreover, under mild assumptions the DM
plays the role of a sterile neutrino and the scenario pro-
vides a new production mechanism for such a dark matter
candidate (for a review and references, see [81, 82]). Cor-
respondingly, indirect detection signatures are predicted
and allows for an explanation of the 3.5 keV line seen in
various X-ray observations [83–85].
Our framework consists of two separate sectors. A
ar
X
iv
:1
71
2.
07
65
2v
3 
 [h
ep
-p
h]
  3
1 D
ec
 20
18
2FIG. 1. A schematic view of the two sector leptogenesis
framework. The SM and DM sectors are indirectly connected
via Yukawa interactions with the same heavy right-handed
neutrinos, Ni. The complex couplings, yi, lead to CP vi-
olation in Ni decays, and consequently particle-antiparticle
asymmetry for the SM leptons. The couplings to the dark
sector, λi, may or may not be complex.
Standard Model (SM) sector and a hidden (“dark”) sec-
tor, coupled via Yukawa interactions with 3 generations
of heavy right-handed sterile neutrinos, Ni (i = 1, 2, 3),
as illustrated in Fig. 1. We consider the case where
Yukawa interactions between the sterile neutrinos and
the SM dynamically trigger leptogenesis at early epochs
of the universe, and the sterile neutrino decays to the
DM sector produce a relic abundance of symmetric dark
matter. To be concrete, consider a minimal two sector
leptogenesis model [24]
−Lint ⊃ 1
2
MNN
2 +mχχ¯χ+ yhLN +λφNχ+ h.c. . (1)
Here N represents the right-handed neutrino, L is the
SM lepton doublet, H is the Higgs doublet, φ is a scalar
field residing in the dark sector, and χ is the fermionic
DM candidate with a Dirac mass term. We neglect the
indices which label the different generations, as it will
not be important for the discussion below. One may take
N as the lightest of the right-handed neutrinos, which is
expected to dominate the production in both sectors. We
will consider two distinct cases in which the VEV of φ is
either vanishing or not. For 〈φ〉 6= 0, the DM mixes with
the neutrinos and can be thought of as a sterile neutrino.
Throughout this paper we will discuss three possible
scenarios for the dark sector internal dynamics. In the
first case, the DM is a Feebly Interacting Massive Particle
(FIMP), meaning the dark sector is very weakly interact-
ing, and never reaches thermal or chemical equilibrium.
The second case is that of a thermalized dark sector, in
which dark sector interactions drives thermalization, but
to a temperature which is generally lower than the SM
temperature. The dark matter freezes out while relativis-
tic. The third case is similar to the second, however the
thermal DM is a cold relic, that is to say, it decouples
from the dark sector when it is already non-relativistic.
The cosmological constraints on these scenarios are dis-
cussed.
The paper is organized as follows. In Sec. II we explore
the possible thermal histories of the dark sector in the
three different scenarios, and obtain the corresponding
DM mass range that matches the correct relic abundance.
In Sec. III we consider the case where the dark sector
scalar φ gets a non-vanishing VEV, resulting in mixing
with the SM and the production of sterile neutrino DM.
In Sec. IV we discuss the constraints on light DM from
astrophysics and cosmology. We conclude in Sec. V
II. DARK MATTER RELIC ABUNDANCE
The thermal history of the dark sector can take several
different paths, depending on its internal structure (i.e.
symmetries and particle content), which lead to different
quantitative predictions concerning the allowed range of
dark matter mass:
• FIMP: The dark matter is so weakly coupled that
it never thermalizes, even within the dark sector.
• HOT: The dark sector thermalizes at the leptogen-
esis scale but with a different temperature than the
visible sector. The dark matter particle decouples
from the hidden plasma while it is relativistic.
• COLD: As before, the dark sector thermalizes, but
the dark matter decouples from the hidden plasma
while it is non-relativistic.
Below we discuss quantitatively the implications for each
of the above cases.
1. FIMP
In the FIMP case, the hidden sector consists of just
χ and φ, with λ  1. The dark matter, χ, is feebly-
interacting, and its relic abundance is determined by the
freeze-in mechanism [36, 86]. For simplicity, we will as-
sume that the scalar φ is massless, in which case its con-
tribution to the dark matter density today is negligible..
The relevant Boltzmann equations (BEs) are
∂nN
∂t
+ 3HnN = −ΓN
〈
MN
E
〉
(nN − neqN ) , (2)
∂nχ
∂t
+ 3Hnχ = BRχ ΓN
〈
MN
E
〉
nN + 2↔ 2 , (3)
where 〈MN/E〉 is the thermally averaged inverse
boost factor for the N particles. The inverse decay
process φχ → N are neglected, and we have taken
BRχ ≡ BR(N → χφ) BRSM ≡ BR(N → SM) ' 1
which is required phenomenologically as we discuss be-
low. The late time χ abundance is found by integrating
Eq. (3). It is instructive to first omit 2 ↔ 2 transfer
terms for simplicity, in which case the equations can be
solved analytically. One finds
Yχ(∞) = YN (0) BRχ
(
1 +
15piζ(5)
16ζ(3)
γN
)
, (4)
3where Y (x) = n/s is the co-moving number density, z =
MN/T , and YN (0) = 135ζ(3)gN/(8pi
4g∗,MN ). We have
defined
γN ≡ ΓN
HMN
, (5)
where the subscript MN refer to values evaluated at T =
MN . Throughout this paper we take γN ∼ 10 − 100,
which corresponds to the condition for successful thermal
leptogenesis [24]. With the above, and taking g∗,MN =
106.75, the corresponding relic abundance is
ΩFIMPχ h
2 ' 0.12×
(mχ
keV
)(BRχ
10−3
)(γN
25
)
. (6)
The derivation of the full Boltzmann equations for this
scenario are given in the appendix and summarized in
Eqs. (A1) and (A2). The numerical solutions for the
approximate (excluding 2 → 2 interactions) and exact
equations are shown on the left of Fig. 2. The approx-
imate calculation for the dark matter relic abundance
agrees well with the exact solutions.
2. Hot Relic
In contrast to the FIMP scenario, in the thermalized
sector case we assume that the hidden sector contains ad-
ditional degrees of freedom, apart from χ and φ, which
have fast, number changing interactions with χ, active
during leptogenesis. These interactions maintain chemi-
cal equilibrium in the hidden sector, causing it to ther-
malize at a different temperature (denoted as T ′) than
the visible sector. If the dark matter decouples from
the hidden bath while relativistic, the current co-moving
number density is the equilibrium value at that time,
Yχ(zf ) =
135ζ(3)
8pi4
gχ
g∗,dec
T ′3dec
T 3dec
=
135ζ(3)
8pi4
gχ
g′∗,dec
g′∗,rh
g∗,rh
T ′3rh
T 3rh
.
(7)
Here the subscript “dec” denotes the point at which χ de-
couples from the hidden plasma and the subscript “rh”
denotes the end of leptogenesis, i.e. reheating. In Eq. (7)
we used entropy conservation from the time after reheat-
ing, to relate the ratio of temperatures at decoupling to
the ratio after reheating. Here, and throughout the pa-
per, we do not distinguish between entropy and energy
degrees of freedom.
Excluding inverse decays, the Boltzmann equation for
N is the same as in the FIMP scenario, and is given by
Eq. (2). Here, the hidden sector evolution is best studied
in terms of the energy density,
∂ρd
∂t
+ 4Hρd = BRχ ΓNMNnN + γlh→χφ , (8)
where ρd = ρχ + ρφ + ρhidden is the total energy density
in the hidden sector, with ρhidden serving as a general
name for the states in the sector which are not χ and
φ. γlh→χφ ≡ 2pi3 BRχ BRl ΓNM4N I
′(z)
z is the thermally
averaged rate of energy transfer from the SM to the hid-
den sector, and I ′(z) transfer integral is defined in the
appendix, Eq. (A10). We consider T ′  T , so inverse
decays and energy transfer from the hidden sector to the
SM can be neglected. This approximation fails at T ′ ' T ,
when the two sectors thermalize and the correct solution
requires solving the full BEs.
Assuming the dark sector is always thermalized, so
that the energy density takes on its equilibrium form
ρd = ρ
eq
d (z
′) = pi
2
30
g′∗,rh
z′4 M
4
N , Eq. (8) can be integrated
and solved for the temperature ratio ξ(z) ≡ z/z′ = T ′/T .
One finds,
ξ(z) = γN BRχ
[(
4
3
g∗
g′∗,rh
∫ z
0
dzz2YN
+
180
pi4
1
g′∗,rh
BRl
∫ z
0
dzz4K2(z)
)]1/4
. (9)
Under the assumption that N is in thermal equilibrium
with the SM sector, the temperature ratio of the two
sectors immediately proceeding decoupling is
ξ4rh → Min
[
240
pi4
γN BRχ
g′∗,rh
(gN + 12 BRl) , 1
]
. (10)
Inserting this result back into Eq. (7) we find the late
times yield for χ
Yχ(∞) ≈ 0.41× gχ
g∗,rh
g′∗,rh
g′∗,dec
(
γN BRχ
g′∗,rh
(gN + 12 BRl)
)3/4
,
(11)
and the corresponding relic abundance
Ωhotχ h
2 ' 0.12×
( mχ
0.15 keV
)
×
[(
BRχ
10−3
)(γN
25
)(gN + 12 BRl
14
)]3/4
, (12)
where we have taken χ to be the lightest dark sector
particle and thus g′∗,dec =
7
8gχ.
For the same right-handed neutrino decay parameters,
the relic abundance for the thermalized case is greater
than for the FIMP case. When the right-handed neu-
trino decays, it produces relativistic χ particles with large
amounts of kinetic energy. In the FIMP case, the number
of particles is fixed from these decays. However, if the
dark-sector thermalizes, the χ particles efficiently con-
vert this excess kinetic energy to additional particles (of
both χ′s and other hidden sector states). This results in
a larger number of χ particles in the thermalized case,
and ultimately, a larger relic abundance.
The full Boltzmann equations for this scenario are
given in the appendix, Eqs. (A8) (A9), and the numeri-
cal solutions for the approximate and exact equations are
4Approximate solution
Exact solution
YN [z]YNeq[0]
YN
eq[z]YNeq[0]BRχ = 10-3
10-7
10-15
10-11
0 1 2 3 4 5 6 7 8
10-19
10-15
10-11
10-7
10-3
1.6×1012
1.6×108
1.6×104
1.6
z = MN / T
Y χ
FIMP - χ Abundance Evolution
m
χ[keV
] 10
-2
BRχ = 10-1
10-3
10-11
10-6
Approximate solution
Exact solution
YN eq[z] /YN eq[0]
YN [z] /YN eq[0]
0 1 2 3 4 5 6 7 8
0.001
0.01
0.05
0.1
0.5
1
2
3.9×105
3.9×1022.2
7.2×10-2
z =MN / T
ξ
Thermal Hidden Sector Temperature Evolution
m
χ[keV
]
FIG. 2. Solutions to the Boltzmann Equations for the FIMP (left) and thermalized (right) DM scenarios. Here, BRχ ∈[
10−15, 10−1
]
, BRl = 1 − BRχ, γN = 25 and g′∗,rh = 7.5 (4 fermionic DOFs and 2 bosonic). The evolution of the relevant
quantity is shown for each scenario with the yield of χ for the FIMP case, and the hidden to SM temperature ratio ξ in the
thermal case, shown on the left y-axis. On the right y-axis we show the DM mass for which the correct relic abundance is
obtained. Different colored curves correspond to different BRχ. The solid lines are exact solutions while the dashed lines are
the respective approximate solutions. For the FIMP case, the approximate solutions accurately estimate the relic abundance,
and the transfer terms are negligable at large z. In the thermalized case, the approximate solutions coincide well with the exact
solution for BRχ < 10
−2 and the backreaction from the hidden sector is negligible. For BRχ & 10−2 the backreaction becomes
important, and the approximate solution overestimates the temperature ratio.
shown on the right of Fig. 2. We find the approximate so-
lutions, which include energy transfer terms from the SM
to the hidden sector to trace the exact solution well. The
hidden sector back-reaction as well as the inverse decays
from it, can be completely neglected. However, if the
decay rate to the hidden sector becomes too large, the
visible and hidden sectors begin to thermalize (ξ → 1)
and back-reaction terms can no longer be neglected. For
this region of parameter space, the approximate solution
overestimates the hidden sector temperature, as shown
in the top-most curve on the right of Fig. 2.
3. Cold Relic
In the third case, the dark sector follows the same
thermal evolution path as in the previous section, un-
til it reaches ξrh. However, at some point after the dark
and SM sectors decouple, χ freezes out, i.e., it decouples
from the hidden plasma when it is non-relativistic. We
assume that the dark sector contains additional degrees
of freedom lighter than mχ into which DM can annihi-
late. Then the BE for χ can be written in the standard
freeze-out language
∂nχ
∂t
+ 3Hnχ = −γ′ann
(
n2χ
n′2χ,eq
− 1
)
, (13)
where γ′ann = 〈σv〉′n′2χ,eq is the thermally averaged anni-
hilation rate, noting that for this case the hidden sector
begins the freeze-out process at a different temperature
than the SM.
The above can be solved approximately using the usual
sudden freeze-out approximation. One finds,
Ωχ =
s0
ρc
√
g∗,m√
g∗,f
mχHm
sm
x′f
〈σv〉f ξf , (14)
where x′ = mχ/T ′, s0 is the entropy density of the SM
bath today, ρc is the critical density, and the subscripts
m and f denote quantities at temperatures T = mχ and
freeze-out, respectively. Eq. (14) is very similar to the
usual freeze-out equation, however it includes an addi-
tional factor ξf < 1, which implies a suppressed annihila-
tion cross-section, 〈σv〉′, compared to the more common
freeze-out case with ξf = 1. This suppression implies a
more weakly coupled particle than the standard WIMP
scenarios, and therefore disfavors indirect-detection.
III. STERILE NEUTRINO DARK MATTER
Let us now consider the model described by Eq. (1),
but for the case where the φ field acquires a non vanishing
VEV, 〈φ〉 = vφ 6= 0. Upon integrating out the heavy
right-handed neutrinos, a small Majorana mass for χ,
m˜χ = mχ± (λvφ)
2
2MN
, is induced alongside a mixing between
the SM neutrinos and the DM candidate [24]. One finds
the mixing angle
sin θχν ' λvΦ
mχ
√
mν
MN
, (15)
where mν is the physical neutrino mass. Consequently,
χ can be viewed as a sterile neutrino.
This mixing naturally induces an irreducible Dodelson-
Widrow (DW) contribution to the DM density, via the os-
cillations of the active neutrino [81, 94]. For the relevant
5NuSTAR
IN
TE
G
R
A
L
M
W
Fermi
 GBM
HDMFree Streaming
Dwarfs
Diffuse X-RayComa
 +
 Virgo
M31
Perseus
Type II SN Energy Depletion
3.55 keV
Signals
sin(2 θχν) = 4× 10-5
8.2× 10-6
1.5× 10-6
4.5× 10-7
1.1× 10-7
2 5 10 20 50
0.05
0.10
0.50
1
5
10
mχ [keV]
λv ϕ[G
eV
]
FIG. 3. Bounds on the mass and mixing parameter of sterile neutrino dark matter, as well as the best-fit region for the indirect
detections in X-ray measurements, adopted from [85]. Constraints are obtained from several X-ray observations [87–92], as
well as Type II supernova core energy depletion due to sterile-active neutrino mixing enhanced by the MSW effect [93]. The
3.55 keV detection signal dark→light shaded regions correspond to 1, 2 and 3σ detection in the various clusters (M31, PN and
MOS Clusters [83, 84]). The masses shown correspond to hot and FIMP DM production scenarios, with BRχ ∼ 10−5, 10−4 for
the hot and FIMP cases, respectively, while a constant γN = 25 is used. Diagonal dashed lines represent constant sin2θχν . The
vertical orange shaded region refers to the free streaming bound for the hot DM scenario. The analogous bound in the FIMP
case is weaker, such that all mχ in the displayed range are allowed.
region of parameter space discussed below, the effects of
the χ↔ ν oscillations on the relic abundance is typically
smaller than O(10−3) and can be readily neglected.
The mixing allows for several new decay modes for DM.
Firstly, if χ is lighter than the electroweak gauge bosons,
then it may decay via a 3-body process through an off-
shell Z∗/W ∗, χ→ ν(Z∗ → ff¯) and χ→ e−(W ∗ → ff¯ ′),
where f/f ′ are SM fermions. Secondly, for χ lighter than
MeV, the main observable process will be a 2-body decay,
induced at one loop, to a neutrino and a monochromatic
photon, χ → νγ. The relevant decay widths are given
by [95, 96]
Γχ→3ν =
1
768pi
α2
s4wm
4
W
s22θm
5
χ
' 1.7× 10−25s−1
( s2θ
10−5
)2 ( mχ
10 keV
)5
, (16)
Γχ→νγ =
9
2048pi2
α3
s4wm
4
W
s22θm
5
χ
' 1.38× 10−27s−1
( s2θ
10−5
)2 ( mχ
10 keV
)5
. (17)
The rates for these processes cannot be arbitrarily large,
and are constrained by DM stability and x-ray and
gamma-ray measurements. Dark matter stability re-
quires a lifetime of τDM & 5× 1018 sec [97], which limits
the neutrino mixing angle mainly from the χ→ 3ν decay.
For mχ ' 10 keV, the bound can be written in terms of
λvφ,
λvΦ . 1.6 TeV
×
(
0.05 eV
mν
)1/2(
MN
1011 GeV
)1/2(
10 keV
mχ
)3/2
,
(18)
which is trivially met for vφ . vEW , λ . 1. An-
other constraint comes from consistency with cosmic ray
and diffuse gamma observations, which requires a de-
cay time τDM & 1026 sec [85, 98], thus setting a bound
on the neutrino mixing angle from the χ → νγ de-
cay at λvΦ . 0.015 − 12 GeV for mχ ∼ 2 − 50 keV.
In Fig. 3, we compile these constraints from various
X-ray observations: M31 Horiuchi et al. [90], stacked
dwarfs [91], the diffuse X-ray background [87], individ-
ual clusters “Coma+Virgo” [88], Fermi GBM [92] and
INTEGRAL [89]. We further show the constraint from
Type II supernova core energy depletion due to sterile-
active neutrino mixing enhanced by the MSW effect [93].
The free streaming limit to be discussed below, and rele-
vant only for the hot DM case, is also shown. On top of
these constraints, Fig. 3 shows the predicted mass for a
FIMP and relativistically-decoupled sterile neutrino dark
matter. These dark matter masses correspond to heavy
right-handed neutrino branching fractions of order 10−4
and 10−5 respectively.
In Fig. 4, we show the constraints on 100 keV to
1 GeV DM masses, corresponding to to right-handed
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FIG. 4. Bounds on the mass and mixing parameter of ster-
ile neutrino dark matter, for MeV-GeV DM masses. Con-
straints are obtained from a combination of X-ray obser-
vations (Integral, Heao1, Comptel, Egret and Fermi LAT),
CMB, SN1987A cooling and collider searches. Within the
light gray region, the DM lifetime is shorter than the age of
the Universe. These constraints are summarized in [98–101].
The masses shown correspond to hot and FIMP DM produc-
tion scenarios, with BRχ ∼ 10−11− 10−6, 10−9− 10−5 for the
hot and FIMP cases, respectively, while a constant γN = 25
is used. Diagonal dashed lines represent constant sin2θχν .
neutrino branching fractions spanning (10−11 − 10−5).
Between 0.1 − 1 MeV, the relevant bounds are mainly
from X-ray observations performed by Heao1 [102] and
Integral [103] , as well as measurements of the CMB
power spectrum [99]. Beyond 1 MeV, processes involving
charged fermions in the final state must be included, for
which the width is computed in [98] as
Γχ→νe+e− =
0.59
192pi
α2
s4wm
4
W
s22θm
5
χ
' 4.2× 10−10s−1
( s2θ
10−5
)2 ( mχ
10 MeV
)5
,
(19)
and an additional bound from Comptel observations [104]
is included. Above 10 MeV, additional bounds from
SN1987A cooling [105] and direct detection searches for
neutral leptons [106–111] are relevant. For 100 MeV and
above, the constraints come from Gamma ray observa-
tions by Fermi LAT [112] and Egret [113]. We conclude
that constraints on the ν/χ mixing are fairly weak, and
are easily accommodated within the parameter space of
our framework, while still providing a possible signal for
existing and future observations.
The potential detection of sterile neutrino DM has
gained much interest in the past several years, due to
an unidentified photon emission line at Eγ ' 3.55 keV in
X-ray measurements from cluster observations [83, 84].
A summary of the most recent data analyses regarding
the signal from several sources (Chandra, Hitomi, XMM-
Newton, Suzaku), as well as a sterile neutrino DM signal
fit, is found in [85] and shown in Fig. 3. Note, that due to
disagreement in the literature and systematic uncertain-
ties, both the signals and the constraints should be taken
with a grain of salt. While the best-fit region for the
sterile-neutrino scenario is disfavored by the supernova
constraints as well as by some of the X-ray measurements,
we point out that the scenario proposed in this section
provides a natural explanation for the alleged emission
line, since the required mass range and mixing angle to
match the 3.55 keV energy are naturally obtained in our
model, with mχ = 7.1 keV, λvφ ' 1.3 GeV.
IV. COSMOLOGICAL CONSTRAINTS
Finally, we discuss the main cosmological constraints
that often arise when considering light DM, namely, the
free streaming limit, Big Bang Nucleosynthesis (BBN)
and the phase-space, or “packing”, bound on fermionic
DM.
1. Free Streaming
A stringent constraint on the light DM mass comes
from its free streaming length. The free streaming of dark
matter particles, due to a non-trivial velocity dispersion,
erases matter density perturbations, and therefore struc-
ture formation, on scales λ < λFS. Consequently, the
most stringent bound on λFS arises from small structure
formation λFS < O(0.1) Mpc [75, 115–118]. The free
streaming length is defined by the particle horizon of the
DM [119][? ]
λFS ≡
∫ aeq
arh
〈v(a)〉
a2H
da ' aNR
H0
√
ΩR
(
0.62 + ln
[
aeq
aNR
])
,
(20)
where a(t) is the FRW scale factor, normalized so that
today’s value is a0, v(a) is the average DM velocity at
a given time, arh, aeq are the scale factors at reheating
and at matter/radiation equality, respectively, and aNR
is the scale factor when DM becomes non-relativistic. To
quantitatively estimate λFS, we use the results obtained
by Planck [120] for the cosmological parameters H0 =
67.3 km s−1 Mpc−1, ΩR = 9.3 × 10−5, and aeq = 2.9 ×
10−4.
Evaluation of the free streaming length strongly de-
pends on the production and decoupling mechanism of
DM [115–117], and is therefore different for each of our
relativistic decoupling scenarios (hot, FIMP), and must
be considered separately. In the FIMP scenario, the DM
particles are produced by N decays, thus with initial
relativistic momentum prh = Erh = MN/2. Using the
instantaneous decay approximation H(Trh) = ΓN and
7FIG. 5. Contour plots of mχ for the FIMP (left) and hot (right) DM scenarios, showing our full parameter space in the
BRχ−γN plane. Here, BRχ ∈
[
10−15, 10−2
]
, BRl = 1 − BRχ, γN ∈ [10, 100]. The gray region represents the excluded region
of DM masses where λFS > [0.05, 0.15] Mpc, where the darker area corresponds to the more conservative constraint, and
the lighter shading to the more stringent values, taking into account uncertainties in the DM density power spectrum [114].
Further qunatitative discussions on free streaming in this paper employ the stringent constraint. The dashed thick red line
is the fermionic phase-space bound. For the FIMP case, there exists a lowest possible DM mass, mχ & 0.41 keV for γN =
100,BRχ ' 10−3. In the hot DM case, the bound on the DM mass is a global one. It is set at mχ & 5 keV, ξrh ≤ 0.16, and can
be obtained by a range of BRχ, γN .
defining the non relativistic momentum as pNR = mχ,
the non-relativistic scale factor is
aFIMPNR =
T0
2mχ
(
g∗s,0
g∗s,rh
)1/3
γ
−1/2
N . (21)
Taking g∗,0 = 3.91, g∗,rh = 106.75, and T0 = 2.35 ×
10−4 eV,
λFIMPFS
Mpc
' 2.8× 10−2
(
keV
mχ
)(
50
γN
)1/2
×
(
1 + 0.09 ln
[(mχ
keV
)(γN
50
)1/2])
. (22)
Next, we consider the thermalized hot DM scenario.
Here, the DM velocity distribution is governed by the
number of relativistic degrees of freedom, and the evo-
lution of T ′/T . By utilizing entropy conservation sepa-
rately in each sector, the non relativistic scale factor is
found to be
aHotNR =
(
g∗,0
g∗,rh
g′∗,rh
g′∗,NR
)1/3
3.15T0
mχ
ξrh = 1.3× 10−5ξ4rh,
(23)
where g∗,rh = 106.75, g′∗,rh = 7.5, g
′
∗,NR = 3.5, and we
have used Eq. (7) to relate the mass of χ to the reheating
temperature. Plugging this result in Eq. (20), the free
streaming length for hot DM is given by
λHotFS
Mpc
' 7.8× 10−3
(
ξrh
0.1
)4 (
1 + 0.31 ln
[
0.1
ξrh
])
. (24)
A more detailed derivation for the free streaming scale
in these scenarios, as well as a calculation for a relic which
was, at early times, in thermal equilibrium with the SM,
is given in Appendix B. Note that the different cosmo-
logical history in the hot DM and FIMP cases leads to
a completely different parametric dependence of λFS, cf.
Eq. (22) and Eq. (24).
In Fig. 5, we show the χ-mass contours on the Brχ-γN
plane, for which the correct relic abundance is obtained
with the full BEs. Regions excluded by free streaming
are shown in gray. For the FIMP case, scanning the
parameters reveals a lowest bound on mχ & mFIMPχ =
0.41 keV for γN = 100 and BRχ ' 10−3, at the Fermion
Packing bound, whereas for the hot case, the bound is
mχ & mhotχ = 5 keV. In both cases, light (order keV)
DM is indeed allowed within this framework.
2. Big Bang Nucleosynthesis
We now consider the bound on relativistic DM imposed
by BBN. The formation of light elements during BBN
constrains the number of relativistic degrees of freedom
in the early universe. This constraint is quantified by
the effective number of relativistic neutrinos Nν,eff =
3.15 ± 0.23 [120]. Any contributions of relativistic DM
candidates at BBN must be bound by Nν,eff , which can
be parametrized as [121]
Nν,eff = N
SM
ν,eff +
4
7
(
11
4
)4/3
g′∗,eff . (25)
8Here the contribution predicted by the SM is NSMν,eff =
3.046 and g′∗,eff =
∑
i g
′
isi
(
T ′i
T
)4
is the number of rela-
tivistic degrees of freedom in the hidden sector at BBN
with si =1 (7/8) for a boson (fermion). At late times, the
hidden to standard temperature ratio is given by entropy
conservation in each sector. Explicitly
T ′BBN
TBBN
=
(
g∗,BBN
g′∗,BBN
g′∗,rh
g∗,rh
)1/3
ξrh. (26)
With the above, for the hot DM case one finds ∆Neff ≡
Nν,eff − NSMν,eff ' 1.75ξ4rh, which satisfies the 2σ bound,
∆Neff ≤ 0.61, for ξrh . 0.77. We conclude that the
constraint from BBN is much weaker than the one from
free streaming.
3. Fermion packing
Lastly, we consider the phase-space bound. For
fermionic DM candidates, a very robust lower bound on
their mass can be obtained due to the Pauli exclusion
principle. The number of fermions that can be “packed”
in a given region of the phase space is limited. Decreas-
ing the particles mass inevitably increases their number
in a given gravitationally bound object, when “packed”
in the densest possible formation. The requirement that
the phase-space density of the DM does not exceed that
of the degenerate Fermi gas leads to a lower mass bound.
For a spherically symmetric object, the bound reads [122]
m4DFG ≥
9pi
4
√
2gM1/2R3/2G
3/2
N
, (27)
where g is the number of DM degrees of freedom, M and
R are the bound system’s mass and radius, respectively.
A detailed analysis is done for a number of dwarf galaxies
in [123], and sets the limit at mDFG ≥ 0.41 keV. This
constraint is weaker than the free-streaming bound for
the hot DM scenario, and marginally stronger for the
FIMP scenario in a portion of its parameter space, as
shown in Fig. 5.
V. SUMMARY
In this paper we discussed the dynamics and phe-
nomenological implications of an interacting hidden sec-
tor in the context of two sector leptogenesis. We find
that a shared production mechanism for leptogenesis and
symmetric dark matter yields a relic abundance of dark
matter that depends on several main factors, namely, the
branching fraction to the hidden sector, the decay rate
of the heavy right-handed neutrinos, and the number of
degrees of freedom in the hidden sector. Consequently,
the ratio of dark matter number density to the baryon
number density is rather sensitive to the model parame-
ters, thereby accommodating a wide range of dark matter
masses. Nonetheless, unless decays of the right-handed
neutrinos to the dark sector are extremely rare, one nat-
urally expects light dark matter, in the keV to GeV mass
range.
In the case where the hidden scalar which couples to
the right-handed neutrino gets a VEV, the mechanism
can be viewed as a production mechanism for decaying
(and possibly interacting) sterile neutrinos. This may
have interesting implications for the dark matter inter-
pretation of the keV line reported by various X-ray ob-
servations.
In this work we asserted that the DM abundance is
dominated by the fermionic candidate χ. It is plausible
that the DM is composed mainly of the scalar φ, or some
mixture of the two, depending on the mass ratio between
the two particles. A configuration such as this will lead
to two main differences in the resuling phenomenolgy.
Firstly, the astrophysical bound coming from “fermion
packing”, discussed in section IV.3, is alleviated, based
on the amount of bosonic density compared to fermionic.
Secondly, if the dark matter energy density is dominated
by the scalar component, the number of produced sterile
neutrino DM particles would be significantly smaller, and
so of lesser phenomenological interest in the mass range
we have considered in this letter. We leave the scalar
dominated DM scenario for further work.
While we have focused on the concrete scenario of
thermal leptogenesis, there are several possibilities and
modifications that could prove interesting for further ex-
ploration. Furthermore, we have chosen not to specify
the precise nature of the interactions in the hidden sec-
tor in favor of a broader study. It would be interesting
to consider a detailed model for interactions within this
framework, such as a hidden photon that kinetically mix
with the SM. Such models could naturally predict DM
self-interactions as well as additional potential discovery
channels.
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Appendix A: Full Boltzmann Equations for the
2-Component Model in the FIMP/Hot scenarios
For completeness, we discuss the BEs for the 2-
component model in the FIMP and thermalized sector
scenarios, taking into account the 2-to-2 transfer terms.
Following the notation used in [24], the full Boltzmann
equations for the FIMP case are
dYN
dz
= − 45
2pi4g∗
γNz
3K1(z)
(
YN
Y eqN
− BRl
)
, (A1)
dYχ
dz
=
45
2pi4g∗
γN BRχ z
3
[
YN
Y eqN
K1(z) +
1
2pi
BRl U
′(z)
]
.
(A2)
Where
Y eqN (z) =
gN
g∗
45
4pi4
z2K2(z), (A3)
Ki(z) is the Bessel-K function of the i
th kind, and BRl
is the branching fraction to the SM. The first term in
Eq. (A1) describes decays of N ’s to both sectors, while
the second term represents inverse decays of SM states
into N ’s. Inverse decays from the hidden sector are ne-
glected in the FIMP case (fχ,φ → 0). Eq. (A2) evolves
the χ abundance. The source term proportional to the
decay rate of N is the same as in the approximate form
we discussed earlier. The second term is due to trans-
fer processes χφ ↔ lh (and all possible conjugations)
between the 2 components, where once again, all effects
of back-reaction from the hidden sector are taken to be
feeble. Following [124], we use the on-shell subtracted
transfer integral defined by
U ′(z) = U(z)− 3piK1(z). (A4)
Here, U(z) is the full transfer integral, whereas the sec-
ond term contains only the the pole contributions. These
must be subtracted in order to avoid double counting in-
verse decays of lh→ N .
Explicitly, the transfer terms between the SM and DM
sector take the form
U(z) ≡ ΓˆN
∫ ∞
0
dsˆ
√
sˆ ·K1(z
√
sˆ)fs(sˆ, Γˆ), (A5)
where ΓˆN ≡ ΓN/MN , s = (p1 + p2)2 is the s-channel
Mandelstam variable [125], sˆ = s/M2N , and
fs(sˆ, Γˆ) ≡ sˆ
2 + 2sˆ
(sˆ− 1)2 + Γˆ2 . (A6)
Working in the narrow width approximation, discussed
in [124], in which ΓˆN ≡ ΓN/MN → 0, the pole in fs
dominates the integral, and we find U(z)→ 3piK1(z), re-
covering the subtracted on-shell component. Under this
approximation, the BE reduces to the approximate form
dYχ
dz
=
45
2pi4g∗
γN BRχ z
3 YN
Y eqN
K1(z), (A7)
and we may ignore the effects of any off-shell 2 ↔ 2
processes.
In the thermalized sector case, we consider again the
yield equation for the evolution of N , while the χ BE
is replaced by the equation for the hidden sector to-
tal energy density ρd. We then convert it, by taking
the hidden sector to be thermalized, to an equation for
ξ(z) ≡ z/z′ = T ′/T , evolving the temperature in the hid-
den sector measured with the SM clock. The Boltzmann
equations for the thermalized case are
dYN
dz
= − 45
2pi4g∗
γNz
3
[
K1(z)
(
YN
Y eqN
− BRl
)
− BRχ ξK1(z/ξ)
]
, (A8)
d
dz
(
ξ4
)
= γN BRχ
[
4
3
g∗
g′∗,rh
z2
(
YN (z)− Y eqN (z/ξ)
)
+
60
pi5
1
g′∗,rh
BRl z
5
(
I ′(z)
z
− I
′(z/ξ)
z/ξ
)]
. (A9)
The evolution of N , determined in this case by
Eq. (A8), differs from Eq. (A1) only by the third term,
which describes inverse decays of hidden sector states into
N ’s with their own temperature T ′. Eq. (A9) evolves
the dark sector temperature, with the source term pro-
portional to the decay rate of N , as in the approximate
form we discussed earlier. The second term decribes the
backreaction through inverse decays of χφ → N , com-
ing from the thermalized hidden sector, while the third
and fourth terms are due to on-shell subtracted trans-
fer processes χφ ↔ lh (and all possible conjugations)
between the 2 components, where the effects from the
hidden sector always come with the correct temperature
dependence. Here, the on-shell subtracted transfer inte-
gral is
I ′(z) = I(z)− 3piK2(z), (A10)
where I(z) is the full transfer integral, and the K2(z)
term represents the pole contributions. Explicitly, in this
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case, the transfer terms between the SM and DM sector
take the form where, similar to FIMP scenario, I(z)
I(z) ≡ ΓˆN
∫ ∞
0
dsˆsˆ ·K2(
√
sˆz)fs(sˆ, Γˆ), (A11)
using the same definitions for sˆ, fs as before. Taking
again the limit ΓˆN → 0, we find I(z) → 3piK2(z), again
recovering the on-shell contribution. The BE then re-
duces to its approximate form
d
dz
(
ξ4
)
= γN BRχ
2pi4
135
g∗
g′∗,rh
z2
(
YN (z)− Y eqN (z/ξ)
)
.
(A12)
The inverse decays from the hidden sector, as well as the
energy transfer from the hidden sector to the SM, are
suppressed by a factor of ξ and can be neglected, unless
the decay rates are large enough to thermalize the sectors.
In that case, the full BEs are necessary to describe the
thermalization of the two sectors correctly, as seen in
Fig. 2.
Appendix B: Derivation of the free streaming length
We present the derivation of the free streaming length
for the FIMP and hot DM scenarios, as well as the bench-
mark calculation often used for thermal relic DM. Begin-
ning with the definition of the free streaming length
λFS =
∫ teq
trh
〈v〉
a
dt =
∫ aeq
arh
〈v〉
a2H
da, (B1)
where a(trh) is the scale factor at the end of leptogenesis,
and aeq = ΩR/ΩM is the scale factor at matter/radiation
equilibrium. This integral can be decomposed into two
pieces
λFS =
∫ anr
arh
〈v〉
a2H
da+
∫ aeq
anr
〈v〉
a2H
da
=
1√
ΩRH0
∫ anr
arh
da+
anr√
ΩRH0
∫ aeq
anr
da
a
√
1 + a/aeq
,
(B2)
describing the relativistic and non relativistic epochs of
DM streaming. In Eq. B2, The effects of changes in g∗
on the Hubble rate, which are due to decoupling of rel-
ativistic degrees of freedom, can be neglected if the DM
particle decouples while relativistic and streams for a suf-
ficiently long period. Utilizing the Freidmann equation
a2H = H0
√
ΩR
√
1 +
a
aeq
, (B3)
the integral can be performed explicitly to give
λFS =
anr√
ΩRH0
×
(
1− 2Arcsinh(1)− arh
anr
+ 2Arcsinh
√
aeq
anr
)
,
(B4)
and in the limit arhanr ,
anr
aeq
 1 , the result is simplified to
the familiar form
λFS ' anr√
ΩRH0
(
0.624 + ln
[
aeq
anr
])
. (B5)
Now, we are left with determining the value of anr for
our various thermal DM production mechanisms. We
employ the fact that momentum redshifts as the scale
factor to relate different times
anr =
〈p〉rh
〈p〉nr arh, (B6)
where different subscripts relate to thermally averaging
at different temperatures, and using the definition of the
thermally averaged momentum
〈p〉T =
∫
d3p|p|f(p, T )∫
d3pf(p, T )
, (B7)
where f(p, T ) is the phase space distribution at the rel-
evant scale. We consider first the FIMP scenario. As-
suming the sterile N ’s decay while at rest, all the dark
matter abundance is produced with 〈p〉rh = MN/2. We
relate arh to its value today by entropy dilution arh =
a0 (g∗s,0/g∗s,rh)
1/3
T0/Trh. The average non-relativistic
momentum can be defined by 〈p〉nr = mχ, and using
the instantaneous decay approximation ΓN = H(Trh)→
γN = T
2
rh/M
2
N , these relations give
aFIMPnr =
MN
2mχ
a0
(
g∗s,0
g∗s,rh
)1/3
T0
Trh
=
T0
2mχ
(
g∗s,0
g∗s,rh
)1/3
γ
−1/2
N . (B8)
Next, we consider the hot DM scenario. In this case,
there are several stages to consider. First, χ is produced
and thermalizes quickly to T ′rh. The hidden sector evolves
as any degrees of freedom (different than χ) within it de-
couple, thus changing its entropy. As the temperature
decreases, the interactions maintaining χ in equilibrium
cease, and χ freezes out of the hidden plasma while rel-
ativistic at T ′fo. The final phase occurs when χ becomes
nonrelativistic at T ′nr. We can use the same method to
compute anr by simply replacing arh with afo
anr =
〈p〉fo
〈p〉nr afo, (B9)
and evolving forward in temperatures using entropy
conservation in the hidden sector. The phase space
distribution at freeze-out is simply a FD distribu-
tion for a relativistic particle with T ′ = ξT , so we
have 〈p〉fo = 3.15ξfoTfo, and we may use afo =
a0 (g∗s,0/g∗s,fo)
1/3
T0/Tfo. By entropy conservation
in the hidden and visible sectors, we find ξfo =
11
(
g′∗s,rh
g′∗s,fo
g∗s,fo
g∗s,rh
)1/3
ξrh. Again, by requiring 〈p〉nr = mχ,
we obtain
aHotnr =
3.15T0
mχ
(
g∗s,0
g∗s,rh
g′∗s,rh
g′∗s,fo
)1/3
ξrh. (B10)
As a sanity check, we also calculate the free streaming
length for a thermal relic DM candidate. In this scenario,
the DM candidate froze-out of equilibrium with the SM
while relativistic. Essentially, this is the hot DM scenario
with ξfo =
g′∗s,rh
g′∗s,fo
= 1, therefore
aTRnr =
3.15T0
mχ
(
g∗s,0
g∗s,rh
)1/3
, (B11)
where T0 = 2.35 × 10−4 eV. We note that in this case
g∗s,rh is a free parameter, since any dark degrees of free-
dom were assumed in equilibrium with the SM prior to
decoupling. One can express g∗s,rh in terms of the relic
abundance
ΩDMh
2 ' Y
∞
χ s0mχh
2
ρc
= 0.12× 135ζ(3)
8pi4
gχ
g∗s,rh
h2
0.12
mχs0
ρc
= 0.12× gχ
g∗s,rh
( mχ
2.2eV
)
(B12)
arriving at
aTRnr =
3.15T0
2.2eV
(
g∗s,0
gχ
)1/3(
ΩDMh
2
0.12
)1/3(
2.2eV
mχ
)4/3
,
(B13)
giving, up to log corrections, the standard expression for
the thermal relic free streaming length
λFS ' 0.051 Mpc×
(
4.65 keV
mχ
)4/3(
g∗s,0
3.91
4
gχ
ΩDMh
2
0.12
)1/3
.
(B14)
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